Abstract Acyrthosiphon pisum (pea aphid) is considered to be one of the most agronomically damaging pests on pea and alfalfa crops, and is responsible for significant yield losses in agriculture. For the efficient control of the parasite, a better understanding of its interaction and associated resistance mechanisms at the molecular level is required. We used two-dimensional gel electrophoresis (2DE) coupled to mass spectrometry (MSMS) analysis to compare the leaf proteome of two pea accessions displaying different phenotypes to A. pisum infestation. Multivariate statistical analysis identified 203 differential proteins under the experimental conditions, 81 of which were identified using a combination of peptide mass fingerprinting (PMF) and MSMS fragmentation. Most of the identified proteins corresponded to amino acid and carbohydrate metabolism, photosynthesis, folding/degradation, stress response, signal transduction and transcription/ translation. Results suggested the involvement of different metabolic pathways that may be activated in order to overcome pea aphid attack in the resistant accession (P665): reduction of photosynthesis and amino acid biosynthesis that may be helpful in tackling pea aphid attack by limiting access to nutrients, up-accumulation of wound signal molecules such as LOXs and LAPs, and activation of the antioxidant ASC-GSH cycle. In contrast, the susceptible accession (cv. Messire) showed an increase in primary metabolism pathways (especially amino acid biosynthesis), from which a relationship to the successful performance of aphids on this accession could be inferred. Results are also discussed with regard to differences in management of photoassimilates against the strong sinks produced by aphid feeding.
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Trichloroacetic acid TFA Trifluoracetic acid TF Transcription factor 2-DE Two-dimensional electrophoresis Introduction Pea aphid (Acyrthosiphon pisum H., Homoptera: Aphididae) (PA) is a serious pest in pea (Pisum sativum ssp. sativum L.) crops causing large yield losses (Sandström and Petterson 1994; Wilkinson and Douglas 1998) . A. pisum generally feeds on the lower surface of leaflets, and on buds and pods of pea plants, from which it ingests phloem nutrients. The aphid stylet penetrates into the epidermis and is moved intercellularly through the mesophyll until it can reach the phloem sieve elements (Tjallingii 2006; Will et al. 2009 ). The osmotic effect derived from the suction of phloem sap also forces the pea aphid to suck the xylem sap to counteract this. Sieve tubes are very sensitive to damage by sap-sucking insects, and collapse in order to plug the affected tubes and prevent the suction. Nevertheless, pea aphids are able to avoid plugging mechanisms by covering their stylets with saliva, so that the puncture wound is immediately sealed (Walling 2008; Will et al. 2007 ). Hence, pea aphid attack causes significant yield losses in agriculture by ingesting phloem sap and transmitting viruses, and damage may also be caused by the plant's response to various elicitors injected by feeding aphids (Guo et al. 2012) . The importance of the pea aphid as a pest requires a profound study of plant-insect interaction for its effective control. A. pisum has a broad host range, with described biotypes affecting different crops of genera such as Glycine, Medicago, Lathyrus , Lens, Pisum , Vicia , etc. Resistance to A. pisum has been studied in many crops such as lucerne (M. sativa L.), barrel medic (M. truncatula G.), pea (P. sativum L.), red clover (Trifolium pretense L.), greater lotus (Lotus uliginosus S.), and faba bean (Vicia faba L.) Gao et al. 2008 Gao et al. , 2010 Guo et al. 2012; Klingler et al. 2005 Klingler et al. , 2007 Klingler et al. , 2009 McVean and Dixon 2002; Schwartzberg et al. 2011; Soroka and Mackay 1990; Wilkinson and Douglas 1998; Zeng et al. 1993 ). In the case of pea, few genetic or molecular studies on pea aphid resistance have been made as yet. Available reports about resistant cultivars are limited and based on aphid survival and development in different pea cultivars (Bieri et al. 1983; Markkula and Roukka 1971; Searls 1932; Soroka and Mackay 1991) . Nevertheless, the A. pisum (model aphid for the study of symbiosis, development, and host specialization) -M. truncatula (model legume for genetic and biological research) pathosystem, has been widely studied due to its operability as a model system for the study of the genetic and molecular basis of aphid resistance (Gao et al. 2008 (Gao et al. , 2010 Guo et al. 2009 Guo et al. , 2012 Klingler et al. 2005 Klingler et al. , 2007 Klingler et al. , 2009 Stewart et al. 2009 ). It has been attempted to complement this contribution to the understanding of plant defense against sap-sucking insects by analyzing the profile of more than 700 putative M. truncatula transcription factor (TF) genes of a pair of closely related susceptible and resistant lines of M. truncatula versus bluegreen aphid (A. kondoi S.) and pea aphid infestation (Gao et al. 2010) .
So far, plant-aphid interaction research has been focused on genetics and transcriptomic studies but less has been done on the actual protein profile triggered by aphid infestation (proteomic studies) (Ferry et al. 2011) . The aim of the current study was to provide a complementary proteomic approach for the investigation of pea plant defense mechanisms involved during sap-sucking insect infestation. This is the first time that the proteome of two pea accessions displaying different phenotypes (cv. Messire as susceptible and P665 as moderately resistant) has been studied during A. pisum infestation. For this purpose, we used a two-dimensional electrophoresis (2-DE) coupled to mass spectrometry (MALDI-TOF/ TOF) analysis to study the leaf proteome of both pea accessions, as well as in response to the infestation.
Material and Methods

Plant and Aphid Growth
Pisum sativum ssp. sativum cv. Messire (Messire) and P. s. ssp. syriacum (P665) accessions were used in this experiment. In a previous work (unpublished), the response of several Pisum spp. accessions (including Messire and P665) to A. pisum attack was studied. The level of resistance ranged from highly susceptible to moderately resistant (incomplete resistance), showing significant differences between accessions. P665 accession showed a moderate resistance to A. pisum, whereas Messire accession was found to be highly susceptible to the attack.
To ensure germination, seeds were scarified and transferred to a Petri dish lined with blotting paper, and irrigated with sterile water. The seeds were kept in darkness at 4°C during 48 h and, later on, were maintained in darkness at room temperature (approximately 20°C) for another 48 h. Germinated seedlings were sown individually in plastic pots containing 250 cm 3 of 1:1 sand:peat mixture. Seedlings were maintained in a growth chamber at 20±2°C and 65 % relative humidity under a 12 h light/12 h dark photoperiod with light intensity of 150 μmol m −2 s −1 photon flux density during approximately 3 weeks. Pea aphids used in this study were from an asexual, parthenogenetic strain collected from field-infested pea plants in Córdoba (Spain) and derived from single-aphid isolates maintained in a growth chamber at 20°C with 12 h light/12 h dark photoperiod on faba bean (Vicia faba L.) plants.
Aphid Infestation
Thirty plants per accession were used. At 3rd-4th leaf stage, the tips from 15 plants were infested with 15 late instars/adults of the pea aphid, and another 15 plants grown under the same conditions, but without the presence of aphids, were taken as control. Fifteen aphids per infested plant were collected from faba bean in an individual Eppendorf tube and transferred to the experimental plants using a fine paintbrush . Tips were covered individually with linen mesh cages supported by a metal stick. For the non-infested control plants, apexes were caged without aphids and were maintained under the same environmental conditions as infested plants. Aphid population build-up and feeding and the feeding damage on plants were assessed at 24 and 84 h after infestation (hai), using the rating scale modified from Guo et al. (2012) . Aphid performance was assessed as follows: 1=early instar nymphs present; 2=early and late instar nymphs and adults spread; 3=high density of aphids and 50-80 % of the tip covered by aphids; 4=tip overwhelmed by aphids with >80 % covered. For plant damage, the scale was as follows: 0=no visual damage; 1=slight leaflet curl, initial chlorosis; 2=chlorosis in leaflets, curling leaflets; 3=chlorosis and initiation of wilting; 4=wilting; 5=accused wilting or death. Tips from infested and non-infested plants were harvested at 24 and 84 hai, frozen in liquid nitrogen and stored at −80°C until protein extraction. For the proteomic analysis, three biological replicates per condition (infested and non-infested plants) and accession were used at each sampling time. Each biological replicate included pooled samples from two plants.
Protein Extraction and Two-Dimensional Gel Electrophoresis
Samples (ca. 0.5 g of shoot tip fresh weight) from three independent replicates per treatment, sampling time and accession were collected in a 2-ml tube and ground in liquid nitrogen using a precooled pestle. Proteins were extracted according to the TCA-phenol extraction protocol (Wang et al. 2006) . Following overnight ammonium acetate precipitation, the pellet recovered by centrifugation was rinsed with cold methanol and acetone, dried at room temperature and resuspended in 100 μl of solubilization buffer containing 7 M Urea (Merck), 2 M Thiourea (Sigma Aldrich), 2 % (W⁄V) CHAPS (Sigma Aldrich), 2 % (V⁄V) Bio-Lyte 3-10 carrier ampholytes (BioRad), 2 % (W⁄V) DTT (Sigma Aldrich) and Bromophenol blue traces (Sigma Aldrich). Protein concentration was determined by Bradford assay (BioRad) and the samples were stored at −20°C before electrophoresis.
IPG DryStrips (Amersham Biosciences) 18 cm, pH 3-10 non-linear gradients were used. Strips were passively rehydrated for 6 h and actively (50 V) for 6 h with 300 μL of sample buffer, containing 150 μg protein. Strips were loaded onto a PROTEAN IEF System (BioRad) and focused at 20°C with increasing linear voltage: 1 h at 500 V, 1 h at 1,000 V, 1 h at 8, 000 V and 8,000 V until reaching 50,000 Vh. IEF strips were equilibrated by first soaking them for 15 min in 375 mM TrisHCl buffer pH 8.8, 6 M Urea, 2 % SDS, 20 % glycerol solution containing 2 % DTT, and then for 15 min in the same solution containing 2.5 % iodoacetamide instead of DTT.
Strips were then transferred onto vertical slab 12 % SDSpolyacrylamide gels and the electrophoresis was run at 15°C and 30 V for 30 min, and then at 60 V for about 14 h until the dye front reached the bottom of the gel. Broad molecular range markers (Bio-Rad) containing myosin (200 kDa), β-galactosidase (116.25 kDa), phosphorylase b (97.4 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa), lysozyme (14.4 kDa) and aprotinin (6.5 kDa) were loaded beside the strip. Gels were fixed with methanol: acetic acid (10:7 V⁄V) solution for 30 min, covered with Sypro Ruby stained overnight and rinsed in methanol: acetic (10:7 V⁄V) acid for 30 min.
Image Acquisition and Statistical Analysis of Dataset
Gel images were obtained with a Molecular imager FX Pro Plus Multi-imager system (Bio-Rad), using 532 nm laser and 555 nm LP emission filter and analysed with the PDQuest Advanced v.8.0.1 software (Bio-Rad) using a 10-fold over background as the minimum spot presence/absence criterion. Normalized spot volumes (individual spot intensity/ normalization factor) calculated for each gel based on total quantity in valid spots were determined for each spot, these values being used to designate the possible differences when images were compared. For further MS analysis, those proteins with more than two abundance level changes, high statistical significance (P <0.05), and presence in all the replicate gels were selected.
For statistical treatments and cluster analysis of protein abundance values, the web-based software NIA array analysis tool was utilized (Sharov et al. 2005) . After uploading the data table (Supplementary Material Table S1 ) and indication of biological replications, the data were statistically analyzed using the following settings: error model "max (average, actual)", 0.01 proportion of highest variance values to be removed before variance averaging, 10°of freedom for the Bayesian error model, 0.05 FDR threshold, and zero permutations. Firstly, hierarchical clustering was performed to check the entire dataset, and the results were represented in dendrograms using the cluster function of the software. Secondly, the entire dataset was analyzed by PCA using the following settings: covariance matrix type, three principal components, 2-fold change threshold for clusters, and 0.4 correlation thresholds for clusters. PCA results were represented as a biplot, with proteins which were more abundant in those experimental situations located in the same area of the graph. Protein spot data for this analysis are recorded in the Supplementary Material Table S2 . Thirdly, pairwise comparisons of protein spot mean abundance values were performed with the software tool using the following settings: 0.05 FDR, 2-fold change threshold. Finally, histograms representing log average protein spot values were downloaded employing the software (Fig. S1 ).
Mass Spectrometry Analysis and Database Searching
Protein spots were automatically excised from gels using an Investigator ProPic (Genomic Solutions) station and the digestion protocol used was that of Shevchenko et al. (1996) with minor variations. Gel plugs were destained by incubation (twice for 30 min) with a solution containing 200 mM ammonium bicarbonate in 40 % acetonitrile at 37°C. They were then subjected to three consecutive dehydration/rehydration cycles with pure acetonitrile and 25 mM ammonium bicarbonate in 40 % acetonitrile, respectively, and finally dried at room temperature for 10 min. Then, 20 μL of trypsin, at a concentration of 12.5 ng μL −1 in 25 mM ammonium bicarbonate, was added to the dry gel pieces and the digestion proceeded at 37°C for 12 h. Digestion was stopped and peptides were extracted from gel plugs by adding 10 μL of 1 % (v/v) trifluoracetic acid (TFA) and incubating for 15 min. Peptide fragments from digested proteins were then crystallised with α-cyano-4-hydroxycinnamic acid as a matrix and subjected to a MALDI-TOF/TOF (4800 Proteomics Analyzer; Applied Biosystems, Foster City, CA, USA) mass spectrometer in the m/z range 800-4,000, with an accelerating voltage of 20 kV. Spectra were internally calibrated with peptides from trypsin autolysis (M+H+= 842.509, M+H+= 2,211.104) . The five most abundant peptide ions were then subjected to fragmentation analysis, providing information that can be used to determine the peptide sequence. A combined peptide mass fingerprinting (PMF) tandem mass spectrometry (MS plus MSMS) search was performed using GPS Explorer™ software v.3.5 (Applied Biosystems) over nonredundant NCBInr database employing the MASCOTsearch engine (Matrix Science, London; http:// www.matrixscience.com). The following parameters were allowed: taxonomy restrictions to Viridiplantae, a minimum of four peptide matches, a maximum of one miscleavage and peptide modifications by carbamidomethylcysteine and methionine oxidation were accepted. The maximum tolerance for peptide mass matching was limited to 20 ppm. Confidence in the PMF matches was based on the score level and confirmed by the accurate overlapping of the matched peptides with the major peaks of the mass spectrum. For a functional characterization of putative and predicted proteins of unknown function, we have used BLAST to find entries in phylogenetically related organisms by sequence similarity. The MALDI-TOF analysis was carried out in the UCO-SCAI proteomics facility, a member of Carlos III Networked Proteomics Platform, ProteoRed-ISCIII.
Results
Plant Symptom Evaluation
Aphid population build-up (Aphid performance) and feeding damage on plants (Plant damage) were assessed at 24 and 84 hai using the modified rating scale from Guo et al. (2012) ( Table 1 ). Apexes collected from infested accessions were verified as having symptoms, which began to appear in the susceptible Messire at the late sampling time (84 hai), while no visible symptoms were observed in the resistant accession P665 at this time (Fig. 1) . Proliferation of aphids was observed in both accessions, noting a higher number of nymphs on Messire tips than in P665 (Table 1) .
Two-Dimensional Gel Electrophoresis and Image Analysis
Proteins extracted were 2-DE resolved using a 3-10 non-linear pH gradient. As determined following the Sypro Ruby staining of the gels and the use of the PDQuest software, an average of 411±132 individual protein spots were resolved. To illustrate this, Fig. 2 shows the protein spots resolved on a virtual gel (a) and a real gel (b). Figure 2c shows four differential spots (SSPs 2701, 2810, 3404, and 3405) on real gels. After normalization of protein spot images and manual verification, the analysis of the protein profile across the three replicates of both accessions (Messire vs. P665), treatments (control vs. infested), and sampling times (24 vs. 84 hai) revealed a high reproducibility among the replicates from the same accession/treatment/sampling time, and qualitative (presence/absence) as well as quantitative differences were determined. The following criteria were used to consider a spot as being variable: (1) consistently present or absent in all three replicates; (2) display accessions or treatment ratios differing at least 2-fold; (3) statistically significant differences (P <0.05) between accessions or treatments. Accordingly, 203 spots revealed significant variations in accession/treatment/sampling time. Table 2 summarizes the features of the experiment.
Qualitative changes between the studied conditions have been represented in Venndiagrams (Fig. S1 ). Differences in common and unique constitutive proteins between accessions (Messire control vs. P665 control) were greater at the earlier (24 hai) than at the late time (84 hai) (Fig. S1a, b) . In response to the infestation, a higher number of unique proteins were observed in the susceptible accession, although the opposite was found in the resistant one (Fig. S1c, d ). Furthermore, it is of interest to note that the main differences found in the protein profile for both common and unique proteins were observed at the early time (24 hai) of response. Quantitative up-accumulation of proteins was also represented (Fig. S1e-h ). In this case, a similar number of proteins could be detected when both control accessions were compared (Fig. S1e) . However, the comparison of infested accessions shows different numbers of up-accumulated proteins, these being higher in Messire than in the P665 accession (Fig. S1f) . After infestation it was seen that, as in the case of unique proteins, the number of up-accumulated proteins increased in the susceptible infested plants but decreased in the infested resistant ones (Fig. S1g, h ).
Statistical and Expression Cluster Analysis
The whole protein dataset was analyzed using the webbased NIA array analysis software tool (Sharov et al. 2005) , which employs an analysis of variance (ANOVA) for statistical analysis of a large dataset with multiple variables and subjects. Expression cluster analysis can be performed by a variety of methods including principal component analysis (PCA), obtaining a more accurate grouping of the samples and determining the most discriminant spots. The hierarchical clustering for each sampling time revealed that experimental conditions could be divided into two clusters in which the susceptible Messire accession was clustered separately from the resistant P665 one (Fig. 3a, b) , thereby showing that protein profiles between treatments of the same accession were similar and slightly different from those shown by the other accession. At 24 hai, the expression profiles of Messire treatments (control vs. infested) were closer than the expression profiles of the P665 treatments, while at 84 hai we found the opposite trend. The degree of protein abundance change within a specific PC was measured by the slope of regression of log-transformed protein abundance versus the corresponding eigenvector multiplied by the range of values within the eigenvector (Sharov et al. 2005) . The protein dataset of each sampling time was analyzed by PCA, thus the first three components accounted for 99.99 % of the biological variability of each spot dataset at 24 and 84 hai (Fig. 3c, d ). b Aphid performance assessment in apical meristems was based on the following rating scale; 1=early instar nymphs present; 2=early and late instar nymphs and adults spread; 3=high density of adult aphids and 50-80 % of the apex covered with aphids; 4=apex overwhelmed by adult aphids with >80 % covered (modified from Guo et al. 2012 ). c Plant damage on plant assessment was based on the following scale: 0=no visual damage; 1=slight leaflet curl, initial chlorosis; 2=chlorosis in leaflets, curling leaflets; 3 =chlorosis and initiation of wilting; 4=wilting; 5=accused wilting or death (modified from Guo et al. 2012) .
*Values significantly different between accessions (P <0.05, LSD test). All the 203 differential protein spots were subjected to MALDI-TOF/TOF mass spectrometry analysis, and the MS spectra were used to screen a Viridiplantae index of the nonredundant NCBI database. Eighty-one protein spots resulted in being successfully identified with a high probability score (Table 3) , 38 % of which matched P. sativum proteins and a total of 59 % belonged to legume species. For those proteins that gave an unknown function or which did not match P. sativum, a Blast comparison analysis was performed against UniProt database, improving our results in 37 % of identifications, and matching most of them with P. sativum or M. truncatula spp. Proteins identified were classified in the following main functional categories: nucleotide and amino acid metabolism, carbohydrate metabolism, energy metabolism, photosynthesis, metabolism of cofactors and vitamins, folding and degradation, defense and stress response, signal transduction and transcription/translation (Table 3 ). All the identified proteins a The 203 differential proteins were selected using the PDQuest (BioRad) software and statistically analyzed by the NIA array analysis software to be subjected to MALDI-TOF/TOF mass spectrometry analysis.
were functionally categorized and visualized with Mapman software (Thimm et al. 2004 ) using a mapping file from UniProt data (Fig. 4) . Only four proteins could not be found in the mapping file. The 2-DE profile of the leaflet tissue was dominated by nucleotide and amino acid biosynthesis (18.5 %), photosynthesis (13.6 %), carbohydrate metabolism (13.6 %), transcription/translation (11.1 %), defense and stress response (7.4 %), and folding and degradation (6.2 %). Other minor categories were: metabolism of cofactors and vitamins (4.9 %), signal transduction (4.9 %) and energy metabolism (3.7 %). A total of 90 % of identified proteins could be assigned a known function. The proteins identified are listed in Table 3 , including the number of peptides that hit protein and the sequence coverage, as an indication of the confidence in their identification. In most cases, similar experimental and theoretical Mr/ pI values were obtained. In those cases in which differences between theoretical and observed Mr/ pI were detected, post-transcriptional modifications, different members of the same functional family (small shift in the pI ), or degradation products (significant differences between theoretical and observed Mr values) can be attributed. Six proteins were represented by more than one spot with slightly different Mr and pI values: heat shock 70-kDa protein, gi|585272 (SSPs 2703 and 2712); hypothetical protein SORBIDRAFT_06g028450, gi|242074314 (SSPs 3204 and 4208); ATP synthase CF1 alpha subunit, gi|295137014 (SSPs 4503 and 4601); NADP-dependent isocitrate dehydrogenase, gi|44921641 (SSPs 5405 and 6412); vitamin B-12-independent methionine synthase, gi|121053772 (SSPs 6807 and 6812); and Chain A, the X-Ray crystallographic structure of beta carbonic anhydrase, gi|8569250 (SSPs 6104 and 7101) ( Table 3) . Supplementary Fig. S2 shows the mean log abundance intensities for all 81 protein spots identified. Associations with protein spot abundance patterns in the majority of the identified proteins can be noted. The different expression dynamics of each identified protein can be distinguished in the hierarchical clustering-heat map of the differentially regulated proteins identified in this study (Fig. 5) . The heat map representation shows the protein value according to the level of normalized experiments that are indicated from −6.07 (minimum positive expression; in green) to 6.07 (maximum positive expression; in red) (black indicates zero expression). This yielded two heterogeneous main clusters, the first one (upper part, I) divided into two groups included constitutively more abundant proteins in P665 (24 hai) belonging to the metabolism of amino acids, carbohydrates, cofactors and transcription, as well as proteins decreasing in infested P665 plants (84 hai), these belonged to energy, carbohydrate and amino acid metabolism and photosynthesis. The second main cluster (lower part, II) was divided into seven groups of proteins. The first group showed proteins increased in infested P665 plants (84 hai), comprising carbohydrate metabolism, photosynthesis, stress-related and translation. The second group showed proteins increased in infested Messire plants (24 hai), which belonged to amino acid, lipid and carbohydrate metabolism, signal transduction, photosynthesis and transport. The third group corresponded to proteins decreased in both accessions in response to infestation (24 hai), belonging to transcription/ translation and cell wall biogenesis/degradation. The fourth group showed proteins constitutively more abundant in P665 and decreased in response to infestation (84 hai), which belonged to amino acid metabolism and stress categories. The fifth group represented constitutively less abundant proteins in P665 (84 hai) and decreased in both infested accessions at this time, which belonged to amino acid metabolism, folding and degradation, photosynthesis and transcription/ translation. The sixth group showed constitutively more abundant proteins in P665 (84 hai) belonging to amino acid and cofactors metabolism, signal transduction and stress-related category. Finally, in this last group we distinguished a subset that showed proteins constitutively more abundant in P665 (84 hai) and increased in infested Messire at this same time, which corresponded to photosynthesis, energy, carbohydrate and vitamins metabolism, and folding.
In summary, we found 192 proteins showing differences when non-infested accessions were compared (Table 2) , 64 of which were identified after mass spectrometry analysis (Table 3) . After infestation, a total of 138 proteins showed significant differences in Messire and 71 in P665 plants, 43 and 26 of which were identified, respectively. Comparing both infested accessions, 187 proteins showed significant differences, 51 of which were identified.
Discussion
Plant-aphid interaction is responsible for some damage (wounds, sap sucking, virus contamination) that results in large yield losses (depletion of photoassimilates, manipulation of plant growth, nutrient partitioning, disease development), which entail a significant impact on agriculture. Thus, the identification of pathways involved in the limitation of aphid infestation and the factors that regulate resistance to aphid attack are important tools for overcoming plant susceptibility.
Previous pea resistance studies on A. pisum infestation ranged from the screening of pea cultivars (Ali et al. 2005; Bieri et al. 1983; Markkula and Roukka 1971; Searls 1932; Soroka and Mackay 1991) to the assessment of the mechanisms involved in resistance to pea aphid attack. No complete resistance has been reported so far, but different levels of moderately incomplete resistance are available (Ali et al. 2005; Campbell and Mackauer 1977; Ellsbury et al. 1985; Holt and Wratten 1986; Laughlin 1965 PC2 (20%) PC3 (10%) PC1 (60%) PC2 (26%) PC3 (13%) Fig. 3 Statistical protein abundance cluster analysis of Messire (M) and P665 (P) accessions during control (C) and infested (I) conditions at 24 hai (24) and 84 hai (84), using the ANOVA-based NIA array analysis tool (Sharov et al. 2005) . Dendrograms show hierarchical clustering of experimental conditions at 24 hai (a) and at 84 hai (b). Two-dimensional biplot showing associations between experimental samples and protein spots generated by principal component analysis (PCA) at 24 hai (c) and at 84 hai (d). Samples (left) and protein spots (right) were plotted in the first two components space. A short distance between samples and protein spots in the component space is indicative of similarity in abundance profiles. Protein spot abundance clustering based on PCA at 24 hai (e) and at 84 hai (f). For each PC, two clusters of proteins were identified that were positively and negatively correlated with the PC. Protein clustering was performed sequentially starting from the first PC. Proteins that were already clustered with a PC were not included in the clusters associated with subsequent PCs. Protein spots in this analysis are recorded in the Supplementary Material Table S2 Experimental mass (Mr, kDa) and pI were calculated with PDQuest software (BioRad) and standard molecular mass markers. Theoretical values were retrieved from the protein database (NCBInr). The software assigns a standard spot number to each spot protein (SSP).
c PM: number of peptides matched (from Peptide Mass Fingerprinting) with the homologous protein from the database. Some of these peptides were automatically MSMS fragmented, these data are displayed in the Supplementary Material Table S3 . The most drastic (more/less abundant) changes are given as normalized volume (calculated with PDQuest software) ratios: MC (Messire control, non-infested), PC (P665 control, non-infested), MI (Messire infested), PI (P665 infested). Numbers at the end (24, 84) represent hours after infestation. Only significant changes (P <0.05) are displayed.
1984; Markkula and Roukka 1971; Newman and Pimentel 1974) . To our knowledge, this is the first comparative study in which accessions with a differential response (moderately resistant and susceptible) to pea aphid are described at macroscopic and molecular levels. In order to increase our current knowledge about the mechanisms of resistance involved, leaf apex pea proteome of two Pisum accessions showing different responses to pea aphid was analyzed in non-infested (control) and infested plants 24 and 84 h after infestation. In a previous screening work (unpublished data), a germplasm collection of cultivated and wild Pisum accessions was assessed for response to A. pisum infestation in a time span of 18 days, in which aphids were allowed to feed and move freely among plants. This collection had been studied previously for resistance to a number of pathogens such as Erysiphe pisi (Fondevilla et al. 2007 ), Didymella pinodes (Fondevilla et al. 2005) , Orobanche crenata and Uromyces pisi (Barilli et al. 2009 ). The pea aphid screening results revealed significant differences in resistance among accessions, i.e. Messire behaved as a susceptible one (high aphid performance and severe damage of plants) while P665 presented a moderate level of resistance, showing a smaller AUDPC (Area Under Disease Progress Curve) for aphid performance and plant damage (slower and lower rates of aphids and less severe damage) than Messire. It is of interest to note that pea tip leaf was the plant tissue in which pea aphids showed the greatest proliferation, and severe symptoms clearly appeared. This is coincident with the performance of other aphid species, such as Diuraphis noxia (M.) (Macedo et al. 2003) , that feed within the leaf whorl and on new leaves (strong sinks for phloem-mobile mineral nutrients, amino compounds and carbohydrates).
Our proteomic study was performed on pea tips collected at two points in time (24 and 84 hai) with the aim of identifying different pea resistance mechanisms operating during A. pisum infestation. We selected 24 hai as the best time to study the early protein response because pea aphids fed regularly 
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Decreased in MI and PI 24hai mainly in PI I II Fig. 5 Hierarchical clustering of the differentially regulated proteins identified. A heat map representation shows the protein value according to the level of normalized experiments. Bar color is a scale spanning −6.07 (decrease, green ) to 6.07 (increase, red ); black indicates zero expression. Leaflets were sampled from Messire (M ) and P665 (P ) accessions during control (C ) and infested (I ) conditions at 24 hai (24 ) and 84 hai (84 ) from sieve elements and successfully reproduced, although no visual damage was observed. The second sample time, 84 hai, was selected to study the late response due to an initial curling of leaflets beginning to appear in this stage as a result of pea aphid feeding pressure. Our study confirms the previous screening results in which Messire and P665 displayed differential resistance response to pea aphid attack. Although we observed the presence of offspring on both accessions at the early time (24 hai), aphid proliferation was clearly greater on susceptible than on resistant plants (Fig. 1b, e) . Later on (84 hai), aphid proliferation continued on both accessions, although Messire plants exhibited a higher density of aphids and began to display curling of tip leaflets (Fig. 1c, f) . Leaf rolling is doubly damaging to host plants as it reduces the photosynthetic area and provides an optimal environment for aphid reproduction (Gutsche et al. 2009 ). In short, more serious damage and a greater proliferation of pea aphids were observed on susceptible apexes than on resistant ones. These results correspond with those of Ali et al. (2005) and Soroka and Mackay (1991) , who also observed a differential performance of pea aphid between pea cultivars, so that the reproduction rate was significantly lower in the resistant lines, whereas the susceptible plants showed the shortest development time and the highest mean fecundity.
Despite the aphid feeding strategy aim to prevent the activation of plant defense responses, our work reports the ability of the Pisum accessions studied to perceive A. pisum attack and respond with a broad range of proteomic changes related to a multicomponent protection strategy, already activated at 24 hai. By using 2-DE and mass spectrometry, the multivariate analysis of data revealed significant differences in the protein profile of 49 % of the total protein spots detected in our study. Principal component analysis (PCA) offers a strong approach to obtaining an overview of the main variation and of inter-relationships between spots in the protein patterns (Valledor and Jorrín 2011) . To perform this statistical cluster analysis, we employed a software tool designed for the analysis of biological gene chip data (Sharov et al. 2005) , but that has also been successfully used in the analysis of protein abundance data. This software identified patterns in our dataset and explored associations between protein spots and experimental conditions using PCA. We found a similar protein abundance profile in the three replicates from each experimental condition, confirming the reliability of our data. Multivariate analysis showed 203 statistically differential protein spots, and all of them exhibited reproducible differential abundance behavior in pairwise comparisons of experimental conditions. Eighty-one proteins could be matched against the NCBInr database, so that in pea-specific matches theoretical and experimental pI and Mr were in good agreement, encouraging confidence in protein identifications. Those cases in which differences between these values were observed can be attributed to post-transcriptional modification or to different members of the same functional family (small shift in the pI). Moreover, a Blast comparison analysis against UniProt database was performed for those proteins with an unknown function or that were not matched to P. sativum, enhancing our results in 37 % of identifications most of them matching P. sativum or M. truncatula spp.
Function of Identified Proteins and Their Relationship to the Study
Proteins were assigned to functional categories based on sequence homology or annotated function (Table 3 ). The identified proteins were divided into nine main groups, most of them matched to nucleotide and amino acid metabolism, carbohydrate metabolism, folding and degradation, photosynthesis, transcription/translation and stress/defense. We found a similar number of constitutively up-accumulated protein spots between non infested accessions. However, in response to infestation, an over-accumulation of proteins in the susceptible accession was observed, while the opposite occurred in the resistant one. This contrasted trend was observed more clearly when the expression dynamics of both infested accessions (infested susceptible vs. infested resistant) was compared. Here, we discuss the behavior patterns observed for the identified proteins during the conditions studied (accessions and response to A. pisum infestation at 24 and 84 hai).
Primary Metabolism: the Amino Acid and Carbohydrate Balance is Manipulated during Pea Aphid Feeding
Phloem sap is the "junk food" of plant diets, rich in carbohydrates but very low in proteins and amino acids (Sandström and Moran 1999) . Thus, to cope with this unbalanced diet, aphids consume large amounts of phloem sap, excreting the excess of carbohydrates as "honeydew", scavenging the nitrogen-containing constituents and harboring bacterial endosymbionts that provide them with essential amino acids (Voelckel and Baldwin 2004) . Not least, aphids are able to disturb the metabolism and activities of the membranes of host plant cells via signals reducing the massive flow of nutrients into the primary growth zone to improve the nutritional quality of their feeding sites (mobilizing local resources and blocking their export to other organs) (Larson and Whithman 1997; Sandström et al. 2000; Sempruch et al. 2011) . Accordingly, recent studies have reported the depletion of nitrogen from the apical growth zones of alfalfa (Medicago sativa L.) to A. pisum feeding sites (Girousse et al. 2005) . In our study, we observed that infested tips of the susceptible cv. Messire generally displayed over-accumulation of proteins related to amino acid biosynthesis, as well as others involved in carbohydrate metabolism. In contrast, the opposite trend was observed in the moderately resistant accession P665. This divergent amino acid profile among susceptible and resistant pea cultivars during pea aphid attack has already been reported (Auclair et al. 1957) , as well as in triticale (×Triticosecale Wittm. ex A. Camus) cultivars in response to grain aphid (Sitobion avenae F.) feeding (Sempruch and Ciepiela 2002) . The authors found higher concentrations of free amino acids and amides in susceptible varieties than in the resistant ones during aphid attack, suggesting the possible participation of other metabolic pools in aphid-plant interactions. Amino acid level in the phloem sap has been reported to affect probing and settling, survival and larviposition, larval growth and development, and wing determination (Corcuera 1993) . Awmack and Leather (2002) observed a high correlation between the amino acid concentration of the phloem sap of wheat seedlings and changes in the fecundity of Rhopalosiphum padi L. and S. avenae . In this respect, the amino acid restriction committed by the resistant accession P665 is suggested as being one of the factors involved in the limitation of the performance of pea aphids on these plants.
Carbohydrate metabolism denotes various biochemical processes responsible for the formation, breakdown and interconversion of carbohydrates in living organisms. In our study, we have identified several proteins belonging to the tricarboxilic acid cycle (TCA cycle), glycolysis, glyoxylase system, Calvin cycle and carbohydrate mobilization. Some proteins belonged to the TCA cycle [succinate dehydrogenase (ubiquinone) flavoprotein subunit 1, SSP 4705; NADPdependent isocitrate dehydrogenase, SSPs 5405], glycolysis (pyruvate kinase, SSP 8603) and Calvin cycle (glyceraldehyde-3-phosphate dehydrogenase A and B, SSPs 7312 and 6409, respectively) were found to be strongly up-accumulated in the susceptible plants in response to pea aphid infestation at the earlier stage (24 hai).
Other pathways, such as gluconeogenesis, were also represented by a minor number of proteins. This process that results in the synthesis of glucose from non-carbohydrate sources, such as amino acids and glycerol, was represented in our work by UTP-glucose-1-phosphate uridylytransferase (SSP 1502). This enzyme plays a central role as a glucosyl donor in cellular metabolic pathways. The enzyme decreased in Messire at 84 hai, while in P665 plants it was not detected. This suggests that aphid pressure could limit glucose storage in Messire plants. This hypothesis is supported by the dynamic profile shown by the protein identified as alpha-glucan phosphorylase H isozyme (SSP 4810) related to starch degradation, it being lightly up-accumulated in P665 infested plants at 24 hai and strongly increased in Messire infested at 84 hai. This pattern suggests an active utilization of the carbohydrates in response to pea aphid that was significantly higher in the susceptible plants.
We can hypothesize that susceptible plants provide a more optimal environment to aphid development at the early stage, as can be inferred from the increase in proteins belonging to amino acid and carbohydrate metabolism. This hypothesis is consistent with the results observed by Auclair (1965) when pea aphids were submitted to artificial diets with variations in pH, salt, sucrose, and total amino acid concentrations. Preference tests revealed the reduction in growth, reproduction, and survival due to low rates of amino acids and sucrose. Moreover, aphids were able to discriminate between the different diets and usually selected and aggregated on those diets with a pH and chemical composition closest to the optimal diet requirement.
Photosynthetic Divergence in Response to Pea Aphid Damage
A clear differential pattern of photosynthetic proteins between accessions as well as in response to pea aphid feeding could be observed. Broadly, it was noted that photosynthetic proteins were constitutively over-accumulated in the susceptible accession compared with the resistant one. In response to the infestation an increase in the photosynthetic activity in susceptible Messire plants was observed, while a tendency to decrease was seen in the resistant P665. Only the protein Ferredoxin-NADP + reductase (SSP 6202) showed a significant increase in the resistant accession at the early stage. Examination of the plant transcriptome following biotic attacks has revealed that many photosynthetic genes are downregulated (Berger et al. 2007; Zou et al. 2005) , this response being particularly evident for genes involved in pigment synthesis and electron transport. The theoretical foundation for the notion that the response of plants to biotic assault marks a transition from a growth and reproductive posture to a defensive posture is captured in the growth-differentiation hypothesis (Herms and Mattson 1992) . The up-regulation of gene coding for defense and the down-regulation of genes coding for photosynthesis proteins (Hermsmeier et al. 2001 ) may represent a genomic manifestation of this hypothesis. Thus, the decrease in the photosynthesis observed in the resistant plants may be related to a defense strategy of P665 accessions to overcome pea aphid infestation. A notable exception to the down-regulation of pigment and light-reaction proteins in response to pea aphid attack was the increase in the Chain A, ferredoxin NADP + reductase (Fnr). In photosynthesis, ferredoxin accepts electrons from photosystem I and reduces NADP + . Previously, Knaff and Hirasawa (1991) had reported the involvement of ferredoxin species in other reactions in the chloroplast, including nitrogen and sulfur assimilation, amino acid and fatty acid synthesis, and redox regulation, so that the increase in this protein may be related to its role in defense rather than a response of photosynthesis per se.
Enhancement of RubisCo Activity Against Pea Aphid Attack
Photorespiration is a process that aims to ameliorate the consequences of the RubisCo wasteful oxygenation reaction. While photorespiratory carbon cycling eventually results in the formation of Glyceraldehyde-3-phosphate (G3P), there is still a net loss of carbon (as CO 2 ) and nitrogen as ammonia, which must be detoxified at a substantial cost to the cell. Moreover, the route also incurs a direct cost of ATP and NAD(P)H. In our study, we identified one of the enzymes involved in photorespiration, glycerate dehydrogenase (SSP 7308), whose dynamics changed in response to infestation. This protein exhibited a divergent reply in both accessions in response to pea aphid attack, increasing in Messire and decreasing in P665 at 84 hai. Thus, it might seem that the infestation increased the rate of failed oxygenation of RuBP by RubisCo in the susceptible accession, it being necessary to increase the photorespiration cycle. On the contrary, the decrease observed in P665 suggests a better handling of the attack. There are several costs associated with this metabolic pathway, one of the most harmful being the production of H 2 O 2 (associated with the conversion of glycolate to glyoxylate), hence the importance of a good carboxylation management. Thus, plants are also supported by a process capable of helping them raise CO 2 levels in chloroplast to increase the carboxylation rate of RubisCo. This reaction is developed by beta carbonic anhydrase and integrates the CO 2 into carbohydrates during photosynthesis. We have identified two beta carbonic anhydrases (SSPs 6104 and 7101) which behaved differently between accessions, which was constitutively detected in the resistant accession, but not in the susceptible one. In response to infestation, a significant increase in this protein was induced in the susceptible accession while a slight increase in its activity was triggered in the resistant plants. This reiterates the possibility of the resistant accession possibly having a predisposition to a better management of the photoassimilates, and, therefore, a better handling of the attack.
Wound Signaling in Response to Pea Aphid Feeding
Plant lipid metabolism involves the synthesis of oxylipins, which encompass a large family of oxidized fatty acids that play a pivotal role as signaling molecules and protective compounds in plant response to biotic stress (Blée 2002; Prost et al. 2005) . Oxylipins are also implicated in crosskingdom communication between plants and pathogenic fungi (Christensen and Kolomiets 2011) . The first step in the synthesis of oxylipins involves the formation of fatty acid hydroperoxides either by autoxidation or by the action of enzymes, such as lipoxygenases (LOXs) (Feussner and Wasternack 2002; Mosblech et al. 2009 ). LOXs may be involved in diverse aspects of plant physiology including growth and development, pest resistance, senescence, and/or responses to wounding (Gao et al. 2008 and Hwang and Hwang 2010; Wu and Baldwin 2010) . Plant wounding stimulates the LOX-involved defense pathway, this being a key enzyme in the synthesis of the signal molecule jasmonic acid (JA) (Li et al. 2008; Yang et al. 2011) , which promotes defense against insects (Walling 2008) . We found a LOX in our study (SSP 7813) showing a different over-expression pattern depending on the accession: Messire plants showed a strong increase 24 h after infestation, while P665 exhibited down-accumulation at this time point that later reverted, increasing at 84 hai. In 2011, Yang and co-workers studied the role of LOXs in defense response induced by wounding using pea seedlings. The results showed that wound-induced "JA burst" was accompanied by the activation of LOXs and the accumulation of their mRNAs; applied JA also stimulated the accumulation of LOXs. Further experiments conducted with inhibitors demonstrated that the wound-induced JA was regulated by LOXs at both transcriptional and enzymatic levels. Their activation was necessary in wound-mediated defense response which suggests that they could enhance the tolerance of pea seedlings to wounding. Furthermore, Gao and coworkers (2008) also reported the up-regulation of LOX 2 in M. truncatula infested by pea aphid, observing a higher increase in the susceptible genotype than in the resistant one (at 24 and 36 h). According to these results, the differential accumulation of LOX that Messire and P665 experimented in response to pea aphid infestation might be associated with the different aphid colonization rate observed in each accession.
On the other hand, the protein spot SSP 4505 matched a neutral leucine aminopeptidase preprotein. Aminopeptidases also represent plant responses to wound and pathogen stresses (Chao et al. 2000; Yang et al. 2004 ) and their activity (in association with other peptidases) is involved in the turnover of unfolded or damaged proteins that accumulate as a result of the oxidative burst. Leucine Aminopeptidases (LAPs) are aminopeptidases that cleave the N-terminal amino acid from peptides and proteins. Recently, Fowler and co-workers (2009) showed that transgenic tomatoes ectopically expressing the tomato LAP-A, were more resistant to Manduca sexta L. feeding, and delays in insect growth and development were displayed. We found a significant decrease of this protein in the resistant accession 84 h after infestation. According to these previous works, the dynamics expression of the neutral leucine aminopeptidase preprotein identified in our study and A. pisum feeding behavior (they puncture plant tissue to reach sieve elements and feed from them) suggest that this protein could have a role in wound signaling in response to pea aphid feeding.
Other Metabolic Proteins with a Role in Pea Defense Response to Pea Aphid Attack
Biosynthesis and metabolism of nucleotides are of fundamental importance in the growth and development of plants and are among the most important nitrogen compounds in all living cells (Stasolla et al. 2003) . Nucleotides are synthesized both from amino acids and other small molecules via de novo pathways, and from preformed nucleobases and nucleosides by salvage pathways. In our study, the purine salvage protein adenosine kinase (SSP 1203) decreased in P665 plants at 84 hai in response to infestation. Moreover, we also found a dihydropirimidinase (SSP 4609) protein involved in pyrimidine degradation which decreased at 24 hai, suggesting a down-regulation of the nucleotides turnover.
Additionally, we also identified two elongation factors closely related to protein biosynthesis. The spot protein SSP 5305 was identified as a predicted elongation factor Tu (EF-Tu), which promotes the GTP-dependent binding of aminoacyl-t RNA to the A-site of ribosomes during protein biosynthesis. The SSP 6413 protein spot was identified as Gamma class glutathione transferase EF1B. EF-Tu belongs to the group of translational GTPases or G-Proteins, which also includes EF-G and the initiation factor IF2 (Caldas et al. 2000) . Differential expression of this gene/protein has been recorded in response to various abiotic and biotic stresses in pea plants and it is down-regulated in response to salinity and ABA treatment (Singh et al. 2004) , as well as in response to Didymella pinodes fungus (Castillejo et al. 2010a ). In our study, a differential accumulation of these proteins between accessions, as well as a decrease in resistant plants in response to infestation at 24 hai, could be observed.
Moreover, a putative glycine-rich RNA binding protein (SSP 1004) showed differential behavior in both accessions in response to infestation. Glycine-rich RNA binding proteins (GRPs) harbor the RNA-recognition motif at the N-terminus and a glycine-rich region at the C-terminus (Lorković and Barta 2002) , and they have been implicated in cell functions linked to the metabolism of mRNA molecules. These include processing, transport, localization, translation, and stability of mRNAs. It has been determined that the expression of GRPs is regulated by a number of external stimuli including environmental stresses, hormones, light, and pathogens (SachettoMartins et al. 2000) . In our study, we identified this constitutively more abundant protein in the resistant P665 accession, as well as being significantly increased in the susceptible Messire in response to the infestation at 24 hai. This gene/ protein has been widely identified in plant response to several biotic stresses such as in tomato defective knockout to Pseudomonas syringae (Fu et al. 2007) , and in pea plants in response to Peronospora viciae inoculation (Amey et al. 2008) . Several works have proposed that their regulation responded to different biotic stresses and hormone treatments (Barilli et al. 2012; Castillejo et al. 2010b; Giavalisco et al. 2006; Potenza et al. 2001) . The pattern behavior of the GRP and the Elongation factor Tu found in our work at 24 hai suggests its possible role in pea defense in response to pea aphid infestation via regulation of RNA metabolism by RNA-binding and nucleotide-binding proteins.
Defense and Stress Response Against Pea Aphid Infestation: Early Senescence Response (Hypersenescence)
Senescence is the terminal phase in leaf development involving a programmed disassembly and degradation of cellular components (Lim et al. 2003; Thomas et al. 2003; Yoshida 2003) , where the resultant products of senescence are remobilized over a relatively long period to assimilate demanding sink organs, leading to nutrient salvage. This biological process can be activated in response to aphid feeding as Pegadaraju and co-workers (2005) reported for Arabidopsis thaliana L. infested by the green peach aphid (GPA) (Mizus persicae S.). The authors found that GPA induced premature chlorosis and cell death, and increased the expression of Senescence Associated Genes (SAGs), all hallmarks of leaf senescence. They hypothesized that senescence-like symptoms observed in the aphid-infested leaves could oppose the ability of aphids to redirect the flow of resources away from insect-infested tissues and thereby limit aphid growth. Furthermore, a recent transcriptional analysis of Arabidopsis upon feeding by cabbage aphid (Brevicoryne brassicae L.) also indicated an early senescence response (Kuśnierczyk et al. 2007 ). Plant senescence involves multiple regulatory pathways among which one of the conspicuous changes that occurs is a decline in photosynthesis (Jiang and Miles 1993) . Interestingly, our proteomic study revealed the activation of a putative senescence-associated protein (SSP 8205) exclusively in the apex of resistant infested plants (84 hai) accompanied by down-accumulation of photosynthetic as well as other metabolic proteins. The decrease in photosynthesis and protein metabolism (discussed below), together with the activation of the early senescence (hypersenescence) in P665 tips, could minimize the flow of photoassimilates to the "false sinks" (aphid feeding sites). Conversely, infested Messire plants showed a decrease in putative senescence-associated protein levels and an increase in their photosynthesis and protein metabolism along with a high aphid performance, which suggested a good flow of nutrients to the feeding sites.
Maintenance of Homeostasis in Pea Aphid-Infested Peas
We found three proteins belonging to the heat shock or stress protein family (Hsps): two Hsp70 (SSPs 2703 and 2712) and one Hsp organizing protein/stress inducible protein (SSP 5706). Hsps are known to play diverse roles; they are present in unstressed cells with an important function in the folding and translocation of polypeptides across membranes and are expressed in response to an array of stresses (hyperthermia, oxygen radicals, heavy metals, ethanol, amino acid analogs, glucose starvation, calcium ionophores) (Gething and Sambrook 1992) . Hsps may have a role in cross-talk with other mechanisms and function synergistically with other components to decrease cell damage (Bukau and Horwich 1998; Hartl 1996) . What the adverse effects on cellular metabolism of the above stresses have in common is that they disturb the tertiary structure of proteins, so that this might suggest a correlation with the disturbance in the amino acid metabolism that aphids perform to improve the nutritional quality of their feeding sites (Dorschner et al. 1987; Girousse et al. 2005; Riedell 1989; Sandström et al. 2000) . Accordingly, although it would be expected to find the upaccumulation of these proteins in the resistant accession in order to overcome the alteration caused by pea aphid, the profile revealed a negative modification of the expression. This fact could be explained by P665 developing a restriction of the protein metabolism in response to the attack. Thus, as mentioned above, amino acid biosynthesis, protein biosynthesis, and protein catabolism experienced a decline. In the case of the susceptible accession Messire, despite these plants having undergone an increase in amino acid biosynthesis and protein metabolic processes during infestation, the pattern did not exhibit any significant changes, showing a trend towards down-accumulating Hsp proteins (only a slightly positive expression was detected at 24 hai for the SSP 5706). In this regard, if the pea aphid was to be responsible for manipulating Messire's metabolism in order to improve its amino acid source, the fact that Hsp proteins (molecular chaperones) are not up-regulated would promote the release of amino acids, and consequently help the pea aphid to perform. Therefore, the behavior profile of these proteins could also be of use in explaining the susceptibility of Messire to pea aphid attack.
Both the maintenance of cellular homeostasis and the regulation of multiple cellular functions require a continuous turnover of intracellular proteins. As mentioned above, senescence can be activated in response to aphid feeding. The level of total protein falls rapidly during leaf senescence in a sacrificial release of nitrogen and other metabolites, which are transported to other actively growing tissues (Lim et al. 2007) , and this is paralleled by an increase in transcription and activity of several different classes of proteases, including vacuolar processing enzymes (Kinoshita et al. 1999; Otegui et al. 2005 ). In our study, the increase in a senescence-associated protein in P665 resistant plants that could minimize the flow of photoassimilates to aphid feeding sites (discussed above) was observed. In addition, the 26S proteasome AAA-ATPase subunit RPT6a (SSP 8307) and the Vacuolar H + -ATPase A1 subunit isoform (SSP 2701) were identified in Messire susceptible plants as increasing at 24 hai. It has recently been demonstrated that the breakdown products (branched chain and aromatic amino acids) from proteolysis can provide electrons to the mitochondrial electron transport chain via the electron transfer flavoprotein (ETF) complex (Araújo et al. 2011) . Once proteins are degraded, the metabolism of the amino acids produced can proceed via two routes: (1) conversion to pyruvic acid or acetyl-CoA before entering the TCA cycle; or (2) they might enter the TCA cycle directly after being converted into one of the intermediates of this metabolic pathway, such as 2-oxoglutarate. Curiously enough, we also found an increased pyruvate kinase (SSP 8603) and an increased succinate dehydrogenase [ubiquinone] flavoprotein subunit 1 (SSP 4705) in Messire plants in response to the infestation.
It seems reasonable to assume that, under carbohydrate limitation conditions, such as could occur in our susceptible accession under pea aphid attack, protein degradation can supply an alternative source of electrons to the mitochondrial electron transport chain, and, therefore, an alternative energy source for the cell under certain adverse conditions. However, in the resistant P665, the senescence mechanism and consequent protein degradation could be mitigated and, therefore, aphid proliferation.
Activation of the Antioxidant Pathway ASC-GSH to Overcome Pea Aphid Attack
Once aphids penetrate the epidermis, a common plant response consists of increasing the in planta level of reactive oxygen species (ROS) (Maffei et al. 2007; Moloi and van der Westhuizen 2006; Powell et al. 2006 ). This has been suggested as providing a signal of certain defense signaling pathways in plant-aphid interactions. This defense response is called "oxygen burst" and is one of the most rapid defense reactions to biotic stresses, producing primarily superoxide (O 2¯) and hydrogen peroxide (H 2 O 2 ) (Apel and Hirt 2004; Moloi and Van der Westhuizen 2006) . It has been proposed that H 2 O 2 plays multiple roles in plant resistance exhibiting direct toxicity toward herbivores, leading to the cross-linking of cell wall proteins and acting as a signal molecule for defense gene induction (Apel and Hirt 2004; Kuźniak and Urbanek 2000; Mittler et al. 2004; Vranová et al. 2002) . It has also been commonly implicated as a signaling molecule in the resistance response during plant-aphid interactions (Maffei et al. 2007 ). A high concentration of H 2 O 2 may be toxic for both phytophagous insects and host plants so that the excess of H 2 O 2 is reduced by ascorbate peroxidase (APX), which is an integral component of the Ascorbate-Glutathione (ASC-GSH) cycle. ASC-GSH constitutes one of the main antioxidant defenses in plants and is widely recognized for its role in the scavenging of H 2 O 2 in chloroplasts, but it is also present in the mitochondria and peroxisomes of leaves (Jiménez et al. 1998 ).
In our study, the SSP 8101 (predicted protein) with 83 % of homology to an APX was increased in both accessions in response to infestation. Coinciding with our results, we found a recent work describing the relationship of APX activity in response to aphid attack. Łukasik and co-workers (2012) reported a differential regulation of APX in susceptible and more resistant triticale in response to the aphid R. padi. The variation in timing and ability regulating the enzyme activity between pea accessions in our work may reflect the different capacity of the accessions to resist the pea aphid attack. The protein spot SSP 5513, identified as an unknown function, also matched, with 77 % homology, another enzyme involved in the ASC-GSH cycle, a monodehydroascorbate reductase from A. thaliana. This protein was constitutively more abundant in P665 plants and increased after 24 h of infestation, although it was greatly increased in the susceptible accession after 84 h of infestation.
Other proteins were also associated with the detoxification system, such as an unknown protein (SSP 2203) identified with 81 % homology to lactoylgluthatione lyase. The glyoxalase system carries out the detoxification (Vander Jagt 1989) first by lactoylgluthatione lyase (glyoxylase I), that catalyzes the isomerization of the spontaneously formed hemithioacetal adducts between GSH and 2-oxoaldehydes (such as methylglyoxal) into S-2-hydroxyacylglutathione (Creighton and Hamilton 2001; Thornalley 2003) . Methylglyoxal is highly cytotoxic, so several detoxification mechanisms have been developed by plants (Inoue and Kimura 1995) . In our work, this protein was differentially detected between non-infested accessions, and slightly decreased in P665 at 24 hai in response to pea aphid feeding, while in Messire it decreased at 84 hai. This lowering effect could be explained as an attempt by the plant to maintain a toxic environment for the parasite.
Plant survival upon aphid attack depends on a multicomponent protection strategy, involving constitutive and inducible defenses. Broadly, we found a typical plant defense response in both accessions, with several differences between each other in terms of metabolism and defense proteins, as well as some potentially related to the latter. Our work is a step towards understanding the molecular basis of resistance to A. pisum in pea from an early to a late stage of the attack. Thus, as a whole, this research should contribute significantly to an increased comprehension of plant-insect interactions, particularly regarding resistance/susceptibility against phloemfeeding insects.
